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ABSTRACT 
A fi ber optic fluid level sensor based on light transmission 
attenuation due to bending losses is designed, built and tested. 
Fibe rs formed wi th reverse curvatures of decreasing radii will 
induce an increas i ng amount of lower order mode light loss to the 
cladding as the light propagates along t he step inde x multi mode fiber. 
The sensor is arranged in th e f lu id in a vertical position such that 
the light travels along t he fiber from the bottom or low fluid point 
to the top or full point . As th e fl uid covers increasing lengths 
of the exposed fiber, i t s t rips even more power from the cladding 
(assuming the fluid refractive in dex is greater than the cladding 
refractive index). Data taken wi th a sensor of this configuration 
show a monotonic decreas e of the out put intensity as a function of 
increasing fluid level . As mu ch as a 14 dB change occurs over a 
one-foot fluid l evel change. A mathematical model, based on both 
field theory and geomet rical optics, is developed to evaluate and 
predict the performance of this fiber optic fluid level sensor. 
Comparisons of t he t heoretical predictions and the experimental 
results under laboratory condi t ions show very good agreement. 
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INTRODUCTION 
Technology for sending modulated light waves along optical 
fibers has become well es tab lished in today's market for many 
applications. Th e sensor ap pl i ca t ions using fiber optics to detect 
physical quantities, su ch as rotation, sound, pressure, motion, 
mass and fluid level, to name a few, are obtaining t heir share 
of the market. 
This manuscript dea ls wi th th e design and analysis of a fiber 
optic fluid level sensor. Sensors can either be based on phase (or 
frequency) modulation (interferromet ric techniques) or simple 
intensity modulation. 
The proposed sensor is base d on an intensity measurement. The 
basic design concepts are ba sed on l i ght propagation and guidance 
in multimode step index fibe r . 
In multimode ste p index f i be r , where the index of refraction 
n1 of the core is high e r t han t he index of refraction n2 of the 
cladding, light propagates i n the core and in the cladding. 
If the claddi ng i s s urrounded by a medium of lesser index, these 
cladding modes wi ll propagate. If, however, the cladding is surrounded 
by a de nser medium, these modes will be transmitted into the medium and 
are hence lost. The light loss of the cladding modes can be detected 
as a loss of the total power and indicates that presence of a medium 
2 
with a higher index of refraction surrounding the fiber. A fluid 
le vel sensor made with a straight fiber is inadequate, because as 
soon as t he f l uid is in contact with the fiber, the cladding modes 
are st ri pped off. The loss of intensity upon contact gives no 
indicat i on of fl uid level change. The amount of power lost upon 
contact is also sma ll and may not be measurable, because of the high 
numerical aperture of the fiber used in the proposed sensor. 
This manusc ri pt i nt roduces a fluid height gauging device that 
is based on transmis sio n losses i n ~ multimode step index fiber that 
is subject to a des i gned curvature. Bending the fiber increases the 
sensitivity of the sensor because it increases the transmission loss 
(Marcuse 1972) . Th e sensor is des i gned to increase both the 
sensitivity and the dynami c ra nge. The sensitivity can be achieved 
by fiber curvature; dynamic range is achieved by successive multiple 
bends. The sensor is des i gned by curving the fiber in a series of 
reverse curvature semic ircles of decreasing radii (as shown later in 
Figure 10) . Th e curvature is maintained with the help of a nylon rod 
of rect angula r cross-section with several nylon discs of decreasing 
radii, sequen ti ally mounted along the rod axis. The fiber was wound 
alon g t he disc perimeter. 
The math modeling used to evaluate the sensor was based on both 
f ield theory and geometrical optics. There are two types of loss 
mechanisms: transitional losses and curvature losses. The expression 
for both types of losses was obtained and the output intensity was 
3 
derived. The performance of the sensor correlated well with the 
developed mathematical model. 
CHAPTER I 
FIBER OPTICS 
Types of Fiber 
Optical fibe rs are di elec t ric waveguide structures that are 
used to confine and gui de light. An optical f iber consists of an 
inner cylinder of high er refractive index (n 1), called the core, 
surrounded by a cyli ndri cal shell of l ower refractive index (n 2), 
called the cladding (s ee Fig ure 1) . 
Core-cladding Boundary 
where: 
a = core radius 
b = optical fiber radius 
n1 = core refractive index 
n2 = cladding refractive index 
~Air-cladding Boundary 
Figure 1. Geometry of an Optical Fiber. 
4 
5 
Optical fibers may be classified in terms of the refractive 
index profile of the core and the number of modes propagating in 
the waveguide. If the core has a uni form refractive index n1 , it 
is called a "step index fiber." If the core has a non-uniform 
refractive index that gradually decreases from the center toward the 
core-cladding interface, the fiber is ca 11 ed a "graded-index fiber. 11 
Figure 2 shows the three popular fibers in today's technology and 
their respective index profile. 
Single Mode 
Fiber 
Step-Index 
Multimode Fiber 
Graded-Index 
Multi mode Fiber 
Figure 2. Types of Fibers (Howes and Morgan 1980). 
6 
Light Transmission in Step Index Fibers 
Th e ray path in multimode step index fiber is shown in Figure 
3. Fi gure 3 s hows t he zig-zag pattern of meridional rays which 
cro sses th e f iber axis between reflections. Light launched into 
t he core at angles up to eA will propagate within the core at angles 
up to ¢c f rom the ax is. Light launched into the core at angles 
greater than eA ( see bro ken lines in Figure 3) will not be internally 
reflected and wil l be re f racted into the cladding. The critical 
angle ( Sc) is de fi ned as the complement of ¢C" For angles greater 
than Sc, th ere wil l be total internal reflections within the core. 
The maximum laun ch and propaga t ing angles are given by the numerical 
aperture (NA) (Sandbank 1980) . 
(1) 
Since this is an el ec tromagnetic waveguide propagation, only 
certain modes which may be regarded as rays corresponding to specific 
quantiz ed values of SC can propagate. The number of modes N for 
an overmoded case is given by San dbank (1980): 
( 2) 
whe re d is the diameter of the core and A is the wavelength of light. 
7 
Thus, for a given combination of refractive indices of the core 
and the cladding and a given wavelength, as the diameter of the core 
is reduced, fewer modes propagate. Single mode is achieved if the 
diameter of the core is made small enough such that (Cherin 1983): 
I 
I 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
,, 
< 2.405 
Figure 3. Ray Diagram for Optical Waveguide. 
Fields in Core and Cladding of Multimode Step Index Fiber 
The longitudinal axis of the optical fiber is defined as the z 
axis, and energy propagates in the guide in the z direction with a 
longitudinal propagation constant S (Sis the longitudinal component 
8 
. +K). of propagation vector The propagating modes in an optical 
waveguide must have a corresponding propagation constant n2K0 < 8 < 
n1K0 for the modes to be bounded. The time dependance of the field 
"( t - 8 ) is of the form eJ w z , which is a plane wave traveling in the 
positive z direction. 
In order to find the fields in the core and the cladding, the 
modified wave equation (Helmholtz Equation) must be solved in 
cylindrical coordinates for E and H (longitudinal components of z z 
electric and magnetic field, respectively). These equations are 
given by (Cherin 1983): 
(3) 
(4) 
and 
~2 = k2 - 62 
where: 
k = wave number = 2rr/A. 
E = permitivity of either core or cladding 
lJO = pe rme abil i ty of free space 
w = frequency of 1 i ght 
9 
Since equations (3) and (4) have the same mathematical form, 
only one of them needs to be solved. The technique of separation 
of variables will now be applied to obtain a solution of equation 
(3 ). The solution is given by (Cherin 1983): 
Si nce the f iber has circular symmetry, a circular function is 
suitab le for <P (cp ), 
( 5) 
<P (cp ) = ej vcp (6) 
where v is a posi tive or negative integer. By substituting equations 
(5) and (6) i nto equ ation (3), Helmholz equation for the longitudinal 
component of th e electric fie l d becomes the Bessel differential 
equation and i s gi ven by (Cherin 1983): 
d2F(r) + l dF(r) + ( ~2 _ v2) F(r) = 0 dr2 r dr r2 
By imposing the following requirements, one can obtain the 
proper field configuration in an optical fiber. 
1. The field must be finite in the core of the fiber. 
2. The field in the cladding of the fiber must have an 
exponentially decaying behavior at large distances 
from the center of the fiber. 
3. The boundary conditions at the core-cladding interface 
must be satisfied. 
( 7) 
In the co re, 
~2 = 
10 
n 2 k 2 - s2 
1 0 
where k0 = free sp ace wave number, for bound modes n2k0 < S < n1k0 , 
which yi el ds a positive value for ~2 , thus ~ is real, hence the 
solution for th e fi eld in the core (r < a) is given by (Cherin 1983): 
E = AJ ( ~ r) z \) 
j vcp 
e 
H = BJ ( ~ r) ejvcp 
z \) 
where J ( ~ r) is the Besse l function of t he first kind of order v . 
\) 
In the claddi ng, 
r2 = 2 k 2 _ a2 
s n2 o µ 
~2 i s ne gat ive, hence ~ is imaginary, mainly ~ = j y where y is the 
decay constan t of the evanescent field in the cladding (see Figure 
4). The solution for the field in the cladding (r >a) is a Bessel 
function with imaginary argument, which is known as the modified 
Hankel function of the first kind and is given by (Cherin 1983): 
11 
H = OH (l) (j yr) ejv¢ 
z v 
An important paramet er for each propagating mode is its cutoff 
frequency. A mode is cut of f wh en its field in the cladding ceases 
to be evanescent and is deta ched fro m t he guide, that is, the field 
in the cladding does not dec ay . The rate of decay of the field in 
the cladding is determi ned by the value of the constant y . The 
expression for the asymptotic ap pro xi mation of the modified Hankel 
function for large values of its argument is given by (Cherin 1983): 
-yr 
e 
For large values of y , the fi eld is tigh tl y concentrated inside and 
close to the core and can be app roxi mated by an exponential. With 
decreasing values of y, the fi eld reaches further out into the cladding. 
Finally, for y = 0, the fi eld detaches i t self fro m the guide. The 
frequency at wh ic h thi s happens is called the cutoff frequency. At 
cutoff, 
or 
y = o = js/ k 2 c 
k 2 
-C 
12 
s 2 = k 2 
c c 
2 
= w c 
Core Cladding 
Figure 4. Evanescent Field in Cladding of an Optical Fiber. 
CHAPTER II 
BENDING LOSSES 
It has been shown that all bent fibers and waveguides are 
lossy. Bending a fiber will cause more modes to couple into the 
cladding, and hence increases the loss mechanism (Marcatili 1969, 
Marcatil i and Miller 1969). Figure 5 depicts the field in the 
radial direction of a bent fiber. The field detaches itself from 
the guide at some radial distant r , where the phase front velocity 
0 
exceeds the velocity of light in the cladding (Gloge 1972). 
\ 
• 
, 
• I 
Figure 5. Electric Field of a Bent Fiber. 
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If a fiber has multiple and successive bends, it will exhibit 
two types of loss mechanisms if it is surrounded by a medium that 
has an index of refraction higher than the cladding index of 
refraction. The two types of loss mechanisms are: (1) transitional 
losses from bend to bend, and (2) curvature losses due to the bending 
of the fiber. 
Transitional Losses 
The transitional losses occur at successive multiple bends, at 
the beginning of each bend (see Figure 6). These losses are due to 
the modes induced into the cladding by curvature. 
The fiber before point A is straight and carries N modes. As 
soon as the fluid, having a higher index of refraction than the 
cladding, reaches point A, a percentage of these modes is lost. At 
point B, the reversing of the radius of curvature will excite all the 
original number of modes the fiber can support, and as soon as the 
fluid level is past point B, some modes are again lost. The reverse 
bending acts as a non-coherent source for every successive bend. 
The percentage of the number of modes lost is inversely proportional 
to the radius of curvature. This modal loss is best modeled by a 
geometrical approach. As shown in Chapter I, the field in the cladding 
is a modified Hankel function which can be approximated by an 
exponential function (for large argument). Figure 7 depicts the 
geometry of meridional ray in a straight fiber and a bent fiber. 
15 
c 
Figure 6. Losses in a Fiber with Two Bends. 
16 
A mode is cut off (lost) if y = 0. In a straight fiber 
y2 = s2 - n2k0 • S is the z component of the propagation vector 
in the core and, referring to Figure 7, Sis given by: 
or 
Cos "' 1 S 
'¥ c= nk 
1 0 
(8) 
For a curved fiber using Figure 7b and using the law of Sines: 
Sin (goo+ ¢'c)/(R +a) =Sin ec/R (9) 
Cos ¢'c/(R +a) =Sin ec/R (10) 
The critical angle is given by (Cherin 1983): 
( 11) 
Substituting equations (8) and (11) into equation (10) yields: 
S n2 
nlko nl 
(R + a) = -R-
S n2 
nlk (R + a) = n1R 0 
17 
(a) 
90° + 
R 
(b) 
Figure 7. Geometry of a Meridional Ray: (a) Straight Fiber and 
( b) Bent Fiber. 
18 
(12) 
The total number of modes in a straight fiber using equation 
(2) is given by: 
Substituting the expression for the numerical aperture (NA) into 
the above equation yields: 
1 
2 2 ~ 2 TI2 a ( n 1 - n ) N=~( A 2 ) 
(13) 
The refractive indices, n1 and n2, are related to the cutoff mode 
angle of the straight fiber by: 
(14) 
Substituting equation (14) into equation (13) yields the 
following expression for the total number of modes in a straight 
fiber: 
19 
For the bent fi be r , t he t ot al number of modes is obtained by 
rep l acing ¢c by ¢ 'c i n th e fore going equation: 
This yields: 
n 
Cos ¢ 1 = _1_ (1 + ~) C n1 R 
Using the series approximation for the cos i ne, it simplifies to: 
2 2n2 ¢ I : 2 - - - ( 1 + E_) C n1 R 
(15) 
Substituting equation (14) into equation (15) yields: 
20 
NC 
2 [<Pc 2 cp 2 n2 a = k (ak0 n1) - 2 ---J 2 c nl Rep 2 
c 
NC = ~ 2 (1 
2n 2 a (akonl cp C) -- .-] 
nl R<Pc2 
• a 
RcpC 2 
In an overmoded fiber, driven by a non-coherent source, each 
mode carries equal power (Gloge 1971). The normalized output power 
of a bent fiber is thus equal to Nc/N which yields: 
n 
Po = 1 - 2 _£_a_ 
nl R<Pc 2 
Defining the refractive index difference (6.) as: 
6. = 
Substituting equation (14) and equation (17) into equation (16) 
yields: 
P0 is the normalized output power of a uniform bent fiber with a 
bending radius R. 
(16) 
(17) 
(18) 
21 
Curvature Losses 
Bending an optical fiber around a circle with fixed radius 
introduces transmission losses . . The bending induces mode propagation 
in the cladding as shown in Figure 8. These losses are a function of 
di stance Z a 1 ong the fiber. 
-- Losses 
Fiber 
Figure 8. Losses in a Bent Fiber. 
The following analysis is for the single mode case, but since 
the fiber is overmoded, the total power to evanescent power ratio is 
constant in every mode. Thus, the analysis is also valid for the 
multimode fiber. 
22 . 
A plane wave propagating in the z direction with an attenuation 
constant a is assumed: 
E = E e- aZ ej(wt - SZ) 
0 
The power decay rate is then given by: 
where: 
PT = total power 
PQ, = power lost 
If a is small, we can approximate an exponential with the Maclaurin 
Series: 
Thus, 
ex ~ 1 + x + ~! x2 + ... 
-2aZ 
e ~ 1 - 2aZ 
23 
Figure 9 dep i ct s an optical fiber with an abrupt open end 
radiating into free sp ace. Then, t he f a r-fie l d beam angle is 
approximated by (Mil l er 1964) : 
e = A 
a 
r adians 
if a >;\ . In the near - fi eld re gion, t he r adiated beam remains 
collimated with a beam width of 2a out to a di stance zc from the 
aperture. From Figure 9, 
which yields 
Optical 
Fibe r 
Beam 
2a 
r 
2a2 
ZC = -A-
Figure 9. Optical Fiber with Abrupt Open End. 
e 
24 
Hence, the attenuation constant a is given by: 
1 pi 
a=--
2Zc PT 
a = 
a = 
(19) 
Since the electric field in the cladding can be approximated by 
an e x pone n ti a l , the power l o s s ( Pi ) i n the c l ad d i n g , be i n g p ro po rt i on al 
to the square of electric field, also has to be exponential and is 
given by: 
Substituting equation (20) into equation (19) yields: 
-C R 
a = C e 3 4 
(20) 
This agrees with the result obtained by Marcatili and Miller (1969). 
Thus, from the foregoing derivation, we conclude the transmission 
a t ten u a ti on o f a c u r v e d o pt i ca 1 f i be r w i t h a be n d i n g rad i u s R i s an 
exponential decay given by: 
p 
0 
25 
-aZ 
= P. e 
in 
and the decay constant a is given by: 
where K and C are constants. 
- CR 
a = Ke 
( 21) 
(22) 
CHAPTER III 
FIBER OPTIC FLUID LEVEL SENSOR DESIGN 
Sensor Configuration 
The fluid level sensor is made up of a nylon rod of rectangular 
cross-section with several discs of decreasing radius sequentially 
mounted along the rod axis. A crofon fiber (DuPont 1040E), stripped 
of the jacket, is wrapped around thes e discs with reverse directions 
between each disc (see Figure 10). The light is launched into the 
fiber at one end and the optical power is measured at the other end. 
Transitional Losses Modeling 
As was explained in the previous section, the transitional 
losses in a bent fiber occur at the beginning of each circle, where 
a percentage of the original modes is stripped away. It was shown 
that the percentage of power remaining after each successive bend is: 
% p 
0 
For the c ro f on f i be r us e d : 
n2 a 
= ( 1 - n Rt) x 100% 
1 
(23) 
n1 = 1.490 
n2 = 1.392 
a = 500 um 
26 
27 . 
Output 
Inp ut 
Fi gure 10. Sensor Configuration. 
28 
The index difference (6) is given by: 
6 = (1.490) 2 - (1.392)2 
2 (1.490) 2 
6 = 0.0636 
Substituting these parameters into equation (22) yi elds: 
- ~ 
% p = (1 - 1.392 0.5 x 10 ') 
o 1.490 R (0 . 0636) 
% p 
0 
= (1 - 7.34 x 10-3 
R ) (2 4) 
The designed circle radii of the sensor are given in Ta ble 1. 
R1 corresponds to the radius of the largest circl e (at t he bottom) 
and R13 corresponds to the radius of th e small es t ci r cle (at the top). 
By substituting the corresponding values of th e radii i nto 
equation (24), the percentage of the output power remaining after 
each circle (s~e Table 2) is obtai ne d. The per cent age of the output 
power is normalized with respect to the out put power of the first 
circle. 
h (cm) 
0 
3.3 
6.4 
9.4 
12.1 
14.8 
17.3 
19.7 
21. 9 
23.9 
29 
TABLE 1 
BENDING RADII OF THE SENSOR 
CIRCLE # RADIUS (m) 
1 0.0153 
2 0.015 
3 0.0143 
4 0.0135 
5 0.0127 
6 0.0122 
7 0.0112 
8 0.0103 
9 0.00956 
10 0.00878 
11 0.00793 
12 0.00727 
13 0.00646 
TABLE 2 
PERCENTAGE OF OUTPUT POWER 
(TRANSITIONAL LOSSES) 
% p 
0 
% P (NOR. ) 
0 
52.03 100.00 
51.07 98.15 
48.67 93.54 
45 .63 87.70 
42.2 81.11 
39.84 76.57 
34.46 66.23 
28.74 55.24 
23.22 44.63 
16.4 31. 52 
30 
Figure 11 depicts the output power (normalized) versus fluid 
height . This shows a monotonic decrease of output intensity as a 
function of increasing flu i d le vel. 
Curvature Lo sses Modeli ng 
In the previous section , it was shown t hat the curvature loss 
of a bent fiber with a bending rad i us R was given by: 
where: 
po = P. 1n 
-aZ e 
When a fiber is overmoded, a fi eld analys i s for the attenuation 
coefficient is tedious, if not impos si bl e (Gloge 1971). The crofon 
fiber used has A= 0. 531, which can s upport N = 2.6069 x 106 modes. 
An empirical approach for finding t he cons t ant a is used. A curve-
fitting technique is used to obtain t he va lu es of these constants. 
Experimental data was taken on tw o different ci rcles from the sensor. 
The stripped crofo n fiber i s wrapped around both circles one at a 
time (see Figure 12) . The l ight i s launched into one end of the fiber 
and the output opt ical powe r i s measured on the other end as a function 
of i ncreas in g flu i d level (see Table 3). The tenth and eleventh 
circ l es were cho sen because they exhibit good exponential decays. 
Figure 13 is a graph of the output power versus fluid height. 
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Detector 
Power Su pp 1 y Source 
Fiber 
Figure 12. Experimental Set-Up for Measuring Output Power of 
Tenth and Eleventh Circles. 
TABLE 3 
OUTPUT POWER (TENTH AND ELEVENTH CIRCLES) 
h (cm) %P (TENTH CIRCLE) %P (ELEVENTH CIRCLE) 
0 100 100 
0.2 95 93 
0.4 92 92 
0.6 91 90 
0.8 90 87 
1 89 85 
1. 2 88 84 
1. 4 87.5 83 
1. 6 87 81 
1. 8 86 
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The power at t enu ation as a function of axial distance Z is given 
by: 
Po p. 
- al 
= e in 
By referring to Figure 12, at Z = L = R, the output 
by: 
p p. -al = e 0 in 
and the attenuation coeffici ent i s gi ven by : 
For the tenth circle : 
For the eleventh circl e: 
- CR a = Ke 
a 
11 
-C Rll 
= Ke 
Dividing equation (25) by equat i on (2 6) yields: 
a.10 e 
-CRIO 
- =---
all -CRll 
e 
a lO = e (-CRlO + CR11l 
a ll 
power is given 
(25) 
(26) 
35 
(27) 
ow , in order to find 010 an d a 11 , a curve-fitting technique is 
employed and the curve fit uses the data displayed in Table 3. At 
the beginning of the t enth circl e P. = 100% and at the end of the 
l 
tenth circle P = 86%. Thus , 
0 
= 0.86 
- a10 (n x 0.00878) 
e = 0.86 
-0.0276 a 10 e = 0.86 
a 
-0.0276 10 = -0.151 
= 5.471 
36 
At the beginning of the eleventh circle Pi = 100% and at the end of 
the eleventh circle P = 81%. Thus, 
0 
= 0.81 
- a.11 ( 7f x 0. 00 7 9 3) 
e = 0. 81 
-0.0249 a.11 
e = 0. 81 
-0.0249 a.11 = -0.211 
= 8 .473 
Substituting into equation ( 27): 
ln 5.471 
8.473 
c = 0.00793 - 0.00878 
c = 514.62 
Substituting into equation ( 25): 
K = 
37 
5.471 
K = -(514.62 x 0.00878) 
e 
K = 501.61 
Substituting the obtained values for C and K into equations (21) and 
( 22) : 
a = 501.61 e-514 · 62 R 
p = P. e-(501.61 e-514.62R) Z (28) 
o 1 n 
Referring to Figure 12: 
X = R Cos 8 
but 
h = R - X 
h = R - R Cos 8 
R Cos e = R - h 
-1 ( h) e = Cos 1 - R 
a 1 so, 
38 
Z = R8 
Z = R Cos-I (1 - !!_) 
R 
Substituting into equation (28) : 
po = P. in e 
-1 h 
-( 501 . 61 e-514.62R)(R Cos (1 -[)) 
The input power (P. ) at the beginning of each circle was in 
calculated in the previous section and is shown in Table 2. By 
(29) 
substituting the input power and radius corresponding to each circle 
into equation (29), the following equations describing the curvature 
losses of each circle are obtained. 
7 87 -1 ( h ) 
-(501.61 e- · ) 0.0153 Cos 1 0.0153 %P01 = e x 100% 
-7 72 -1 h 
-(501.61 e · ) 0.015 Cos (1 - 0.015) x 
%Po2 = 0.983 e 100% 
-(501.61 e- 7· 36 1 -1 ( h ) 0.0143 Cos 1 - 0. 0143 x 100% %Po3 = 0.937 e 
-(501.61 e- 6· 95 ) 0.0135 Cos -1 h (l - 0.0135) x 100% %P o5 = 0.877 e 
39 
6 54 -1 (1 h ) 
-( 50l.61 e- · ) 0.0127 Cos - 0.0127 x 
1003 %P05 = 0.812 e 
6 28 -l (1 h ) 
-( 50l.61 e- · ) 0.0122 Cos - 0.0122 x 
1003 %P06 = 0.765 e 
5 67 -1 ( h ) 
-(501.61 e- . ) 0.0112 Cos 1 - 0.0112 x 100% 
%P07 = 0.663 e 
5 30 -1 (1 h ) 
-( 50l.61 e- · ) 0.0103 Cos - 0.0103 x 
1001 %P08 = 0.552 e 
4 92 -l ( h ) 
-( 50l.61 e- · ) 0.00956 Cos 1 - 0.00956 x 
1001 %P = 0.446 e 
o9 
52 -1 ( h ) 
%Polo= 0.315 e 
-( 501 . 61 e-4. ) 0.00878 Cos 1 - 0.00878 x lOO% 
4 08 -l ( h ) 
-( 5ol.61 e- · ) 0.00793 Cos 1 - 0.00793 x lOO% 
%Poll = 0.271 e 
3 74 -l (1 h ) 
-( 50l.51 e- · ) 0.00727 Cos - 0.00727 x lOO% 
%P012 = 0.219 e 
-(501.61 e-3.32) 0.00646 Cos-1 (1 - 0.0~646) x 100% 
%P013 = 0.167 e 
40 
By evaluati ng the fo re goi ng equations at various fluid heights 
corresponding to respec tive ci rcles, the overall theoretical values 
describing both the transit ion al and curvature losses in the sensor 
(see Table 4) are obtained. Figure 14 is t he t heoretical curve of the 
output power versus fluid height . It shows a monotonic decrease of 
output power as a function of in creasin g fi uid level. 
41 
TABLE 4 
OUTPUT POWER (THEORETICAL) 
h (cm) %P (THEO) 
0 
h (cm) %P 
0 
(THEO) 
0 . 00 100 . 00 16.00 75.15 
0. 50 99 . 76 16.50 74.79 
1.00 99 . 64 17.20 73.79 
1. 50 99 . 55 17.30 66.30 
2.00 99.45 17 .50 65.59 
2. 50 99 . 34 18.00 64. 92 
3. 00 99 . 16 18 .50 64.40 
3.20 99.08 19 .00 63.86 
3.30 98 . 30 19 . 60 62. 71 
4. 00 97.97 19 .70 55.20 
4. 50 97.85 20. 00 54.10 
5.00 97 . 74 20 .50 53.32 
5.50 97 . 63 21. 00 52.65 
6. 00 97.48 21. 50 51.87 
6.30 97 . 27 21 .80 50.90 
6.40 93 . 70 21 . 90 44.60 
7.00 93.29 22 .50 42.78 
7.50 93 .13 23 .00 41.99 
8. 00 92 . 98 23 . 50 41.14 
8. 50 92 . 82 23 . 80 39.96 
9. 00 92 . 62 23 . 90 31.50 
9. 30 92. 37 24 . 50 29.67 
9.40 87 . 70 25 . 00 28.86 
10 00 87 . 14 25 .60 27.09 
10.50 86 . 92 25. 70 27.09 
11.00 86 . 71 26.00 25.50 
11. 50 86 . 48 26.50 24.36 
12.00 85 . 93 27 .00 23.27 
12 . 10 81. 20 27 .30 21. 93 
12.50 80 . 59 27.40 21. 93 
13 . 00 80 . 25 28 .00 19.44 
13 . 50 79 . 96 28 .50 18.27 
14 . 00 79. 65 28.90 16. 71 
14 . 70 78 .89 29.00 16.71 
14.80 76 .50 2 9. 50 14.28 
15 . 00 75. 99 30.00 12.99 
15. 50 75.51 30.20 11. 56 
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CHAPTER IV 
EXPERIMENTAL SET-UP 
Figure 15 depicts the experimental set-up that was used to 
test the sensor. A test vessel was designed and built for measurement 
purposes. The test vessel is open at the top and is slowly filled 
up and emptied out via a top and bottom valve. The sensor shown 
in Figure 16 is vertically positioned inside the test vessel. A 
centimeter scale is placed on the sensor for reading the fluid height 
with maximum resolution of 1 mm. Light propagates in the fiber from 
the bottom (largest bending circle) to the top (smallest bending 
circle). 
A 0.82 um infrared emitting diode was used as the source. The 
Motorola model MFOE71 source comes with a connector especially made 
to mate with the Crofon 1000 um fiber . The circuit diagram ~r the 
source is shown in Figure 17. 
An optical power meter (UDT-40X) was used for measuring the 
output optical power of the sensor. 
Since the primary application of this sensor was for jet fuel, 
a fluid that has refractive index close to the refractive index of 
jet fuel had to be chosen. Ethelyn Glycol, in the form of commercial 
antifreeze with an index of refraction of 1.44, was used for 
experimental measurements. 
43 
44 
Flu i d 
Scale 
Fluid 
Figure 15. Sensor Test Vessel. 
45 
Detector 
Po we r S u pp 1 y Source 
Figure 16. Sensor Arrangement. 
~ 
0 
l/) 
c 
QJ 
(./") 
0 
I-
46 
~ 
QJ 
..Cl 
•r-
LI... 
...__ ,--
ctS 
u 
•r-
-+-' 
c_ 
0 
---+--.t-t--11' 
0 
lJ'") 
f""'"'4 
> 
m 
QJ 
u 
~ 
:::s 
0 
(./") 
QJ 
.r:. 
-+-' 
4-
0 
E 
ctS 
~ 
en 
ctS 
:::s 
u 
~ 
u 
QJ 
~ 
:::s 
O'> 
47 
The tank is gradua l ly fi lled fro m the bottom to the top. As the 
fluid covers increasi ng l en gths of t he exposed fiber, it strips even 
more power from the claddi ng. The optical power at the output of the 
sensor decreases as the fluid l evel r i ses in the tank, covering more 
of the stripped sensor. Tabl e 5 di splays t he data taken with this 
sensor. Figure 18 is a graph of the out put power versus fluid height. 
It shows a monotonic decrease for the output power as a function of 
increasing fluid level. 
Sensor Repeatability 
This sensor exhibits a good degree of repea t ability. The fuel 
tank was filled three different times. Data t aken each ti me correlate 
with each other very closely (see Table 6) . Figure 19 depicts the 
graph of the output power versus fluid height for the different trials. 
Sensor Reversibility 
The reversibility of this sensor wa s al so tested. Instead of 
filling up the tank the tank is slowly empt ied out and measurements 
are performed. The data coll ected under empty in g conditions closely 
agree with the data obtained earlier (see Table 7). Figure 20 depicts 
the output power versus the fluid he igh t unde r the emptying condition 
in comparison with the measurements taken under t he normal filling up 
condition. 
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TABLE 5 
OUTPUT POWER (EXPERIMENTAL) 
HEIGHT p %P HEIGHT p %P 
0 . 00 25 . 00 100 . 00 16.00 19.50 78.00 
0. 50 24.50 98.00 16.50 19.50 78.00 
1.00 24. 50 98.00 17.20 19. 50 78.00 
1. 50 24.50 98.00 17.30 18.00 72.00 
2 . 00 24 . 50 98 .00 17.50 18.00 72.00 
2.50 24 50 98 .00 18.00 18.00 72.00 
3. 00 24. 50 98 . 00 18.50 17.50 70.00 
3.20 24. 50 98 . 00 19.00 17.50 70.00 
3 30 24 . 00 96 .00 19. 60 17.50 70.00 
4.00 24.00 96.00 19.70 16.00 64.00 
4.50 24. 00 96 .00 20.00 16.00 64.00 
5.00 24. 00 96.00 20.50 16.00 64.00 
5.50 24.00 96 . 00 21.00 15.50 62.00 
6.00 24.00 96 . 00 21.50 15.50 62.00 
6.30 24. 00 96.00 21. 80 15.50 62.00 
6.40 23 50 94 .00 21.90 14.00 56. 00 
7.00 23.50 94 . 00 22.50 13.50 54.00 
7.50 23.50 94 .00 23.00 13.00 52.00 
8.00 23.50 94.00 23.5 0 12.50 50.00 
8. 50 23.50 94.00 23.80 12.50 50.00 
9.00 23.50 94 . 00 23.90 10.50 42.00 
9.30 23.50 94.00 24 . 50 10.00 40.00 
9.40 23 . 00 92.00 25.00 9.80 39.20 
10.00 23.00 92 .00 25.60 9.60 38.40 
10 . 50 22 . 50 90.00 25.70 7.40 2 9. 60 
11.00 22.50 90.00 26. 00 7.20 28.80 
11. 50 22 . 50 90.00 26. 50 6.60 26.40 
12.00 22.50 90.00 27.00 6.10 24.40 
12.10 21.50 86.00 27.30 5.90 2 3. 60 
12 . 50 21. 50 86 .00 27.40 4.60 18. 40 
13 . 00 21.50 86.00 28.00 4.00 16.00 
13.50 21..50 86 .00 28. 50 3.60 14.40 
14.00 21 . 00 84 .00 28.90 3.40 13.60 
14.70 21 .00 84.00 29.00 2.50 10.00 
14.80 20.00 80.00 29. 50 2.20 8.80 
15.00 20 .00 80 .00 30.00 2.10 8.40 
15.50 20 .00 80.00 30.20 2.00 8.00 
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HEIGHT p (1) 
0. 00 27 . 50 
0.50 27.00 
1. 00 27.00 
1.50 27.00 
2.00 27 .00 
2.50 27 .00 
3.00 27.00 
3.20 27.00 
3. 30 26. 50 
4.00 26.00 
4. 50 26 . 00 
5.00 26.00 
5.50 26 . 00 
6 00 26.00 
6.30 26 . 00 
6.40 25.50 
7.00 25.50 
7.50 25.50 
8 .00 25 . 50 
8.50 25 . 50 
9.00 2 5 .. 50 
9.30 25.50 
9.40 24 . 50 
10.00 24 . 50 
10.50 24.50 
11 00 24 . 50 
11. 50 24 . 50 
12 . 00 24. 50 
12.10 23.50 
12.50 23.50 
13.00 23.50 
13.50 23.50 
14.00 23.00 
14.70 23. 00 
14.80 22.00 
15.00 22.00 
15.50 22.00 
16.00 22.00 
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TABLE 6 
EXPERIMENTAL DATA (3 TRIALS) 
%P( l) P(2) %P(2) 
100.00 27.50 100.00 
98.2 27.00 98.2 
87 .2 27.00 98.2 
98.2 27.00 98.2 
98.2 27.00 98.2 
98 .2 27.00 98.2 
98 .2 27. 00 98.2 
98.2 27.00 98.2 
96.4 26 . 50 96.4 
94 . 5 26. 50 96.4 
94 . 5 26. 50 96.4 
94 .5 26.50 96.4 
94 .5 26.00 94.5 
94 .5 26. 00 94.5 
94.5 26.00 94.5 
92 . 7 25.50 92. 7 
92.7 25.50 92.7 
92 . 7 25 .50 92.7 
92.7 25 .50 92. 7 
92.7 25 .50 92.7 
92 .. 7 25.50 92.7 
92 . 7 25 .50 92.7 
89.1 25.00 90.9 
89 .. 1 25 .00 90. 9 
89 .1 25.00 90.9 
89 .1 24.50 89.1 
89 .1 24. 50 89.1 
89 .1 24.50 89.1 
85 .5 24.00 87.3 
85 .5 24.00 87.3 
85 .5 24.00 87.3 
85.5 24.00 87.3 
83.6 24.00 87.3 
83 .6 24.00 87.3 
80. 0 23.00 83.6 
80.0 23.00 83.6 
80.0 22.50 81. 8 
80.0 22.00 80.0 
P(3) %P(3) 
26. 00 100.00 
25.50 98.1 
25.50 98.1 
25.50 98.1 
25.00 96.2 
25.00 96.2 
25.00 96.2 
25.00 96.2 
24. 50 94.2 
24.00 92.3 
24.00 92. 3 
24.00 92.3 
24.00 92.3 
24.00 92.3 
24.00 92.3 
23. 50 90.4 
23.50 90.4 
23. 50 90.4 
23.50 90 .4 
23.00 88.5 
23.00 88.5 
23.00 88.5 
22.50 86.5 
22.50 86.5 
22.00 84.6 
22.00 84.6 
22.00 84.6 
22.00 84.6 
21.50 82. 7 
21.50 82.7 
21. 50 82.7 
21. 50 82.7 
21. 50 82.7 
21.50 82.7 
20. 50 78.8 
20. 50 78.8 
20.00 76.9 
20. 00 76.9 
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TABLE 6 -- CONTINUED 
HEIGHT P(l) %P(l) P(2) %P(2) P(3) %P(3) 
16.50 21. 50 78.2 22.00 80.0 20.0 76.9 
17.20 21.50 78.2 22.00 80. 0 20.00 76.9 
17.30 20.00 72.7 21.00 76. 4 18 .50 71.2 
17.50 20.00 72.7 21.00 76.4 18. 50 71. 2 
18.00 20.00 72.7 20. 50 74.5 18.00 69.2 
18.50 19.50 70.9 20. 00 72.7 18.00 69.2 
19.00 19.50 70.9 20.00 72.7 17.50 67.3 
19.60 19.50 70.9 19.50 70.9 17.50 67.3 
19.70 18.00 65.5 18.00 65.5 16.00 61. 5 
20.00 18.00 65.5 18.00 65.5 16.00 61. 5 
20. 50 17.50 63.6 17.50 63.6 16.00 61.5 
21. 00 17.00 61.8 17.00 61.8 15.50 59.6 
21. 50 16.50 60 0 17.00 61.8 15.50 5 9. 6 
21.80 16.50 60.0 17.00 61. 8 15.50 59.6 
21. 90 14. 50 52.7 15.00 54.5 14.00 53.8 
22.50 14.00 50. 9 14.50 52.7 13.50 51. 9 
23.00 13.50 49.l 14.00 50.9 13.00 50.0 
23.50 13.50 49.1 14.00 50.9 12.50 48.1 
23.80 13.00 47.3 14.00 50.9 12.00 46.2 
23.90 11.00 40.0 12.00 43.6 10. 50 40.4 
24.50 10.50 38.2 11.00 40.0 10.00 38.5 
25 00 10.00 36.4 10.00 36.4 9.80 37.7 
25.60 9.60 34.9 10.00 36.4 9.40 36.2 
25.70 7.20 26 .. 2 7.80 28. 4 7.20 27.7 
26.00 6.80 24.7 7.50 27.3 6.80 26.2 
26. 50 6.30 22.9 6.90 25.l 6 .20 23.8 
27 00 5.80 21.1 6.60 24.0 5.80 22.3 
27.30 5.60 20.4 6.40 23.3 5.60 21. 5 
27.40 4.40 16.0 4.80 17.5 4.30 16.5 
28 .. 00 3.60 13.l 4.20 15.3 3.80 14.6 
28. 50 3.30 12.0 3.80 13.8 3.40 13.l 
28.90 3.20 11. 6 3.60 13.1 3.20 12.3 
29.00 2.20 8.0 2.60 9.5 2.20 8.5 
29. 50 1. 80 6.5 2.20 8.0 2.00 7.7 
30.00 1. 60 5.8 2. 00 7.3 1.80 6.9 
30.20 1. 60 5.8 2.00 7.3 1. 70 6.5 
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TABLE 7 
OUTPUT POWER UNDER REVERSIBLE CONDITION 
HEIGHT p %P P (REV) %P(REV) 
0 . 00 25 . 00 100.00 18.00 100.00 
0. 50 24. 50 98.00 18.00 100.00 
1. 00 24.50 98.00 18.00 100.00 
1. 50 24 .50 98.00 18.00 100.00 
2.00 24. 50 98.00 18.00 100.00 
2.50 24. 50 98.00 18.00 100.00 
3.00 24. 50 98.00 18.00 100.00 
3.20 24 . 50 98.00 18.00 100.00 
3.30 24 .. 00 96.00 18.00 100.00 
4. 00 24 . 00 96.00 18.00 100.00 
4.50 24.00 96.00 18.00 100.00 
5.00 24 .00 96.00 18.00 100.00 
5.50 24.00 96.00 18.00 100.00 
6.00 24 . 00 96.00 18.00 100.00 
6 . 30 24 .00 96.00 18.00 100.00 
6.40 23 . 50 94.00 17.50 97.22 
7.00 23.50 94.00 17.50 97.22 
7 50 23.50 94.00 17.50 97.22 
8.00 23.50 94.00 17.50 97.22 
8.50 23.50 94.00 17.50 97.22 
9.00 2 3. 50 94 .00 17.50 97.22 
9 . 30 23. 50 94.00 17.50 97.22 
9.40 23.00 92.00 17.00 94.44 
10.00 23.00 92.00 17.00 94.44 
10 .50 22 .50 90.00 17.00 94.44 
11.00 22.50 90.00 17.00 94.44 
11. 50 22.50 90.00 17.00 94.44 
12 . 00 22.50 90.00 17.00 94.44 
12.10 21.50 86 .00 16.50 91.67 
12. 5 0 21. 50 86.00 16.50 91. 67 
13.00 21. 50 86.00 16.50 91.67 
13.50 . 21. 50 86.00 16.50 91. 67 
14.00 21.00 84.00 16.50 91. 67 
14.70 21. 00 84.00 16. 50 91.67 
14.80 20. 00 80.00 16.00 88.89 
15.00 20.00 80.00 16.00 88.89 
15.50 20.00 80.00 16.00 88.89 
16.00 19.50 78.00 16.00 88.89 
16.50 19.50 78.00 16.00 88.89 
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TABLE 7 -- CONTINUED 
HEIGHT p %P P (REV) %P(REV) 
17.20 19.50 78.00 15.50 86.11 
17.30 18.00 72.00 15.00 83.33 
17.50 18.00 72.00 15.00 83.33 
18.00 18 .. 00 72.00 15. 00 83.33 
18.50 17.50 70.00 14.50 80.56 
19.00 17.50 70.00 14.50 80.56 
19.60 17. 50 70.00 14.50 80.56 
19.70 16.00 64. 00 14.00 77.78 
20.00 16.00 64. 00 13.50 75.00 
20.50 16.00 64.00 13.50 75.00 
21.00 15 . 50 62.00 13.50 75.00 
21.50 15.50 62.00 13.00 72.22 
21. 80 15.50 62.00 12.50 69.44 
21.90 14.00 56.00 12.00 66.67 
22 .. 50 13.50 54.00 11. 50 63.89 
23 .00 13.00 52.00 11.00 61.11 
23.50 12.50 50. 00 10. 50 58.33 
23.80 12.50 50.00 10.50 58.33 
23.90 10.50 42.00 9.80 54.44 
24.50 10.00 40 .00 8.80 48.89 
25.00 9. 80 39 . 20 8.40 46.67 
25.60 9.60 38 . 40 7.40 41.11 
25.70 7 40 29.60 6.80 37.78 
26.00 7.20 28. 80 6.40 35.56 
26. 50 6.60 26.40 5.90 32.78 
27.00 6 .10 24.40 5.00 27. 78 
27.30 5 . 90 23.60 4.40 24.44 
27.40 4.60 18.40 3.90 21.67 
28 . 00 4. 00 16. 00 3.40 18.89 
.28.50 3.60 14.40 2. 90 16 .11 
28.90 3.40 13.60 2.60 14.44 
29 .00 2.50 10.00 2.30 12.78 
29. 50 2.20 8.80 2.10 11. 67 
30.00 2.10 8.40 2.00 11.11 
30.20 2. 00 8.00 1. 90 10.56 
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CHAPTER V 
COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS 
Figure 21 depicts the sensor immersed in the fluid. The sensor 
was driven by an argon laser. The two loss mechanisms described by 
equations (18) and (21) are vividly displayed. The exponential loss 
due to fiber curvature modeled by equation (21) is shown as a continuous 
glow along the fiber curve. The stepwise modal loss mechanism 
modeled by equation (18) is shown as intense bundles of light 
perpendicular to the sensor axis. 
Figure 22 shows both the experimental and theoretical curves on 
the same graph. The fiber optic sensor is drawn to scale on the 
horizontal axis for clear visual interpretation . As it can be seen, 
the predicted performance of this sensor does correlate with the 
experimental performance rather nicely. 
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Figure 21. Sensor Submerged in Fluid. 
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CHAPTER VI 
CONCLUSIONS 
A fiber optic fluid level sensor based on the bending losses 
of the the waveguide has been designed and tested. Both theoretical 
and experimental results show good correlation. This prototype 
sensor (two were built) shows good repeatability. Three tests were 
performed and the performance was as predicted. The normalized 
output power versus fluid height was also measured under reverse 
conditions (emptying the tank instead of filling up the tank). The 
normalized power under this condition ·was as predicted by the theory; 
however, a static drop in absolute power was observed during the 
emptying cycle; the crofon fiber used was wet and a film of fluid 
was clinging to the fiber. 
One way to solve the drift and connector problems is the use of 
dual wavelength. The number of mode s supported by a bent fiber is 
inversely proportional to the wavelength squared. This relationship 
should easily be employed to solve the drift and cable loss problem. 
This is the subject of further investigations. 
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